Articles Translational Investigation nature publishing group INTODUCTION: hypoxia-ischemia (hI) injury in term infants develops with a delay during the recovery phase, opening up a therapeutic window after the insult. hypothermia is currently an established neuroprotective treatment in newborns with neonatal encephalopathy (Ne), saving one in nine infants from developing neurological deficits. caspase-2 is an initiator caspase, a key enzyme in the route to destruction and, therefore, theoretically a potential target for a pharmaceutical strategy to prevent hI brain damage.
N
eonatal encephalopathy (NE) at term affects ~1-2/1,000 born infants, and hypoxia-ischemia (HI) plays an important part in its etiology (1) . HI brain injury develops with a delay during the recovery phase, opening up a therapeutic window after the insult (2) . Clinical trials show that brain cooling after perinatal asphyxia reduces cerebral injury and improves outcome in term infants (3) . Hypothermia is advised by the international resuscitation council as standard of care after moderate or severe perinatal HI brain injury. However, hypothermia reduces the incidence of poor outcome of death or disability only from 66% to 50% (ref. 4) . Therefore, we seek to develop supplementary strategies of neuroprotection to add to currently applied hypothermic regimes in term infants with NE.
There is considerable support for apoptotic mechanisms being critical for the development of neonatal HI brain injury; more so than in the adult brain (2) . Cysteine-dependent aspartate-directed protease (caspase)-dependent pathways are activated to execute apoptosis in the immature brain in response to HI (5, 6) . Pan-caspase inhibition has been shown to reduce neonatal brain injury after HI in some models (6) . However, as they are nonselective and caspases are important for normal brain development, a more specific inhibition would be desirable. Inhibition of caspase-3, an executioner caspase preceding DNA fragmentation, has shown to provide only moderate protection (7) , and there is also a concern that blocking caspase-3 may lead to impairment of brain development because of its critical role in physiological apoptosis. Caspase-2 (Casp2) is an initiator caspase, a key enzyme in the regulation of mitochondrial permeabilization (8) (9) (10) and, therefore, theoretically a potential target for a pharmacological strategy to prevent HI brain damage. Casp2 activity has been shown to increase after HI in immature as opposed to adult mice (8) . Several studies, both in vitro and in vivo, have indicated that inhibition of Casp2 is neuroprotective (9) (10) (11) . Casp2 −/− mice, as opposed to caspase-3 −/− mice (12), do not have enlarged brains with an overabundance of neurons resulting from lack of apoptosis (13, 14) , suggesting that interventions directed at Casp2 may not interfere with brain development.
The aim of this study was to explore the neuroprotective efficacy of hypothermia in combination with Casp2 gene deficiency in a model of neonatal HI in mice.
Results

Casp2
Gene Deletion Protects Against HI Brain Injury HI brain injury, as assessed with neuropathological score, was significantly lower in Casp2 −/− mice as compared with wildtype (WT) mice (Kruskal-Wallis test P < 0.0001; Figure 1a ). Brain injury in WT mice was more pronounced in the hippocampus than in the striatum, cerebral cortex, and thalamus.
The sentinels' average temperature was 36 °C in the normothermic chamber and 33 °C in the hypothermic chamber. The target temperature was reached within 15 min for normothermic sentinels and within 5 min for hypothermic sentinels (Figure 2a) . Five hours of hypothermia, induced immediately after HI, provided additional protection in mice with Casp2 gene deletion as compared with WT mice (two-way ANOVA, genotype P = 0.003, temperature P = 0.0004; Bonferroni correction, Casp2 −/− normothermia vs. Casp2 −/− hypothermia P < 0.01 and Casp2 −/− hypothermia vs. WT hypothermia P < 0.05). Total neuropathological brain injury score was reduced from 12.4 ± 0.5 in normothermic WT mice to 6.9 ± 0.9 in hypothermic Casp2 −/− mice, whereas normothermic Casp2 −/− mice had a total injury score of 10.5 ± 1.0 and hypothermic WT mice had a total injury score of 10.0 ± 0.6. Regional score demonstrated that hypothermia enhanced the protective effect of Casp2 gene deletion in the hippocampus and thalamus (Figure 3b,c) . Such an additive effect was not found in the other two regions; the striatum (Figure 3a) was protected by Casp2 gene deficiency, whereas the cerebral cortex (Figure 3d ) was rescued by hypothermia. White matter injury, assessed on the basis of myelin basic protein (MBP; Figure 4a ) and neurofilament (NF; Figure 4b ) immunoreactivity, was reduced by hypothermia independent of Casp2 genotype (two-way ANOVA; MBP: genotype P = 0.948, temperature P < 0.0001; NF: genotype P = 0.764, temperature P = 0.0003). Furthermore, the ratio of oligodendrocyte transcription factor-2 (Olig-2)-positive oligodendroglial cells in the subcortical white matter was increased following hypothermia (temperature P = 0.017) but not Casp2 −/− (genotype P = 0.925; WT normothermia 1.30 ± 0.09, WT hypothermia 1.59 ± 0.10, Casp2 −/− normothermia 1.39 ± 0.08, Casp2 −/− hypothermia 1.52 ± 0.07). We did not find a statistically significant interaction with the number of animals used in the two-way ANOVA analysis. One probe in each chamber monitored the environmental temperature and one animal in each chamber (hypothermia as well as normothermia) was used as sentinel for measurement of core temperature using a rectal probe. Graphs show mean environmental temperature for both chambers as well as mean rectal temperature for sentinels. target temperatures were 36 °C for the normothermic animals and 33 °C for the hypothermic animals. Chamber: normothermia (gray line), hypothermia (gray dashed line); sentinel: normothermia (filled triangle), hypothermia (filled diamond).
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Delayed Hypothermia Protects Against HI Brain Injury
The target temperature was reached within 10 min for both normothermic (36 °C) and hypothermic sentinels (33 °C; Figure 2b ). Hypothermia treatment, delayed by 2 h, reduced overall injury (temperature P = 0.049, genotype P = 0.192, post hoc Casp2 normothermia vs. Casp2 hypothermia P < 0.05), as well as cerebrocortical (temperature P = 0.001, genotype P = 0.059, post hoc Casp2 normothermia vs. Casp2 hypothermia P < 0.01) and thalamic (temperature P = 0.03, genotype P = 0.056, post hoc Casp2 normothermia vs. Casp2 hypothermia P < 0.05) injury. Delayed hypothermia offered additive protection with Casp2 gene deletion in the hippocampus (temperature P = 0.167, genotype P = 0.004, post hoc WT vs. Casp2 hypothermia P < 0.01; Figure 5 ) but not in the other regions. Hypothermia reduced white matter injury as assessed by MBP (temperature P = 0.002, genotype P = 0.457, post hoc Casp2 normothermia vs. Casp2 hypothermia) and NF (temperature P = 0.027, genotype P = 0.335, post hoc not significant) staining, but no additive effect with Casp2 gene deficiency was detected. There was no significant difference in Olig-2 staining between WT and Casp2 −/− mice after delayed hypothermia (data not shown). Hypothermia enhanced the neuroprotection offered by Casp2 gene deficiency significantly in the hippocampus (temperature P = 0.0020, genotype P < 0.0001) and the thalamus (temperature P = 0.0045, genotype P = 0.0265). the striatum was protected by Casp2 gene deficiency (temperature P = 0.264, genotype P = 0.0049), whereas the cerebral cortex (temperature P < 0.0001, genotype P = 0.934) was rescued by hypothermia. Data were analyzed with two-way ANOVA and values are expressed as means ± seM. Results from Bonferroni post hoc test are given in the figure;
† P < 0.001, **P < 0.01; *P ≤ 0.05. 
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DIsCussION
This report shows that Casp2
−/− gene deletion in combination with hypothermia reduces neonatal brain injury. Total brain injury score was reduced to 6.9 ± 0.9 in hypothermic Casp2 −/− mice as compared with 12.4 ± 0.5 in normothermic WT mice. Pharmacological treatment with xenon, erythropoietin, and topiramate has shown additional effect in combination with hypothermia, and for xenon this effect was additive, which supports the hypothesis that neuroprotection offered by hypothermia can be further improved (15) (16) (17) . Our data show that hypothermic protection can be enhanced if combined with gene deficiency in a neonatal mouse model of HI. Our results agree with previous reports showing that Casp2 antisense oligonucleotides and Casp2-specific small-interfering RNA, as well as Casp2 −/− cortical neurons, increase neuronal resistance in vitro to mitochondrial oxidative stress (10, 18) and nerve growth factor deprivation (9) and in vivo after experimental ischemic optic neuropathy in the rat (19) . Furthermore, Casp2 deficiency was recently demonstrated to provide protection after HI as well as excitotoxic injury and Casp2-specific small-interfering RNA provided protection after excitotoxic injury (11) . However the effect of Casp2 gene deficiency in the normothermic group, in the second part of the study, was less than in the within-litter experiments (Figure 1 ) or in our previous study (11) .
The hypothesis was that the combination of hypothermia with Casp2 deletion would be superior to any intervention alone because complementary mechanisms are targeted. Hypothermia reduces secondary energy failure and mitochondrial dysfunction and attenuates the release of excitatory amino acids and free radicals, leading to a reduction in injury (20) . Hypothermia has also been shown to suppress apoptosis, calcium toxicity, and the immune response (21, 22) . Casp2 inhibition reduces mitochondrial permeabilization and activation of effector caspases (23), a key step in execution of apoptotic cell death (2).
After 5 h of hypothermia, an additive effect was seen not only with reference to overall injury but also regional injury in the hippocampus and thalamus, whereas the striatum was protected only by Casp2 gene deficiency and the cerebral cortex only by hypothermia. It is interesting to observe that some regions were better protected by one mode of treatment, probably related to different mechanistic profiles, and that the combination might improve the overall efficacy. Hypothermia has been shown to strongly reduce injury in the cerebral cortex as well as in the hippocampus (24) , and apoptotic mechanisms seem to have different importance in different regions (25, 26) . The lack of additive effect in some regions may well be due to partly overlapping neuroprotective mechanisms, e.g., both Casp2 gene deficiency and hypothermia improve mitochondrial integrity and attenuate downstream apoptotic mechanisms (10, (21) (22) (23) .
Both gray and white matter are injured by HI (1). Although mice have substantially less white matter as compared with human infants, we found a decrease in white matter injury after hypothermia, measured as loss of MBP and NF staining, and we also found that hypothermia decreased the loss of Olig-2-positive cells after HI. These data agree with previous publications showing that hypothermia protects white matter (27) .
The degree of protection provided by Casp2 gene deficiency varies in the different studies that we have performed. This may partly relate to the neonatal HI model, which is variable with regard to the extent of injury within and between litters (28). Secondly, in the first experiment, we used litters after mixed breeding (heterozygote (het) × homozygote), which allows comparison between littermates. Such a design cannot easily be applied when an additional treatment is added to the protocol. Hence, in the combined Casp2/hypothermia experiments, we shifted to breeding homozygote × homozygote, which may have been suboptimal at least with regard to estimation of the full contribution of the Casp2 genotype. Thirdly, the experiment involving HI followed by 5 h of hypothermia or normothermia showed a higher injury score than the two other experiments, which may have limited the protective capacity of the treatments. In our view, it is more difficult to obtain a protective effect if the injury is extensive, in agreement with experience from clinical trials (29) . Finally, it was reported that Casp2 −/− mouse neonates (postnatal day 1) develop a compensatory cell death pathway in the brain involving Smac/Diablo, endogenous inhibitors of apoptosis, leading to decreased inhibition of caspase-9, a threefold upregulation of caspase-9, and ultimately caspase-9-dependent cell death (30, 31) . Such a compensatory mechanism could of course be at play to a variable degree also in postnatal day 9 mice, explaining why the protection offered by Casp2 gene deficiency varied from substantial to mild/ moderate (11) in the various studies that we have completed.
In most clinical trials, cooling was started ~4.5 h after birth (3) . To mimic the clinical situation, we chose to look at delayed treatment as well. We found that a delayed start, by 2 h, of hypothermic treatment was still effective, with an overall significant temperature effect (P = 0.049) and a decrease in total brain injury score by 26% in hypothermic 
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Casp2
−/− mice as compared with normothermic WT mice. However, regional evaluation showed a significant additive effect of Casp2 gene deficiency in delayed hypothermia only in the hippocampus.
Length of treatment and degree of hypothermia were chosen based on previous experiments in neonatal rats (32, 33) . To our knowledge, this represents the first hypothermia study in a neonatal mouse model of HI. Our results of a 20% reduction in injury due to hypothermia in WT animals and no significant difference in WT animals after delayed hypothermia could indicate that the treatment modality was too mild. However, we did achieve a 45% reduction of injury after hypothermia as well as a 26% reduction in injury after delayed hypothermia in Casp2 −/− mice as compared with WT normothermic mice. Zhu et al. (34) found that a minor lowering of body temperature to 34 °C during HI in mice provided complete protection in the cerebral cortex. Due to a smaller body volume we expected mice to be more vulnerable than rats, which was the rationale behind using a protocol of moderate hypothermia in this study.
The average time to reach the targeted temperature was between 10 and 15 min in our experiments, which is comparable with hypothermia experiments in rats (35) , where 20-30 min was required to reach a target core temperature of 33 °C. Sentinel animals underwent HI just as the other experimental animals to make sure that they did not temperature regulate differently than the rest. Casp2 −/− mice and WT mice did not differ in mean temperature during hypoand normothermic conditions. Due to the fact that sentinel animals might experience increased stress because of the rectal probe; these animals were used only as temperature sentinels and excluded from the rest of the study. Even if the probe diameter was small and precautions were taken to reduce the trauma, the stress involved has been shown to affect outcome (32) . Rectal temperature has been proven by several investigators to correlate well with brain temperature (33, 35) . The temperature variation is <0.2 °C between individuals (36) , which justifies the use of only one sentinel per chamber.
In our study, pups were separated from their dams for a prolonged time period (4-6 h). Hypoglycemia might be detrimental to the immature brain after HI. However, it has been shown that blood glucose and lactate levels in experimental immature rats did not differ from those in controls after 10 h of separation from the dam (37) . Due to the experimental conditions and the long period away from the dam an increase in mortality among the pups could have been expected; but the mortality was not higher in our experiments than the 10% reported by Thoresen et al. (36) .
Hypothermia applied after HI contributed additional attenuation of injury in Casp2 −/− mice and the combination provided an additive effect rescuing more brain tissue than either intervention alone. These data support the concept that Casp2 inhibition in combination with hypothermia may have potential as a neuroprotective strategy, but more experimental work is required.
MetHODs
Induction of HI in Neonatal Mice
In the first experiment, het Casp2 mice (Casp2 +/− C57BL/6; Columbia University) were bred and littermates of Casp2 −/− , het, and WT mice were exposed to HI. In the second experiment, Casp2 −/− and WT mice were bred homozygote × homozygote. Casp2 −/− and WT mice were, 5 min after HI, exposed to either 5 h of hypothermia (33 °C) or normothermia (36 °C). In the third experiment, Casp2 −/− and WT mice, bred homozygote × homozygote, were left to rest with their dams for 2 h after HI and then exposed to either 4 h of hypothermia (33 °C) or normothermia (36 °C). In all three experiments, unilateral HI was induced in mice on postnatal day 9 (28), which is approximately equivalent to human brain maturation at near-term (38) (39) (40) . The left carotid artery was permanently ligated, pups were then allowed to rest for 1 h with their dams, before HI (10% oxygen in nitrogen for 50 min at 36 °C environmental temperature). All animal experiments were approved by the Animal Ethical Committee of Göteborg (approval 62-2008 and 172-2009). One probe in each chamber monitored the environmental temperature and one animal in each chamber (hypothermia as well as normothermia) was used as a temperature-monitoring mouse (sentinel) for measurement of core temperature using a rectal probe (T21, 0.41 mm diameter; Physitemp Instruments, Clifton, NJ). Computer Software Daisy lab 10.0 (Physitemp Instruments) was used to monitor the temperature with a monitor frequency of 1/s. In the experiment with mixed litters, the mortality rate was 6%, which was equivalent to the hypothermic group in the second experiment. In the normothermic group, in the second experiment, the mortality rate was 12-15%, whereas with delayed hypothermia the mortality rate was 10%. No difference in mortality between Casp2 −/− and WT animals was detected. −/− hypothermia (n = 28); WT normothermia (n = 20); WT hypothermia (n = 19) were killed at 7 days post-HI and perfused intracardially with NaCl (0.9%) followed by 5% buffered formaldehyde (Histofix; Histolab, Göteborg, Sweden). After dehydration with graded ethanol and xylene, brains were paraffin-embedded and serially cut into 9-µm coronal sections. Every 100th section was stained. To evaluate brain injury, sections were treated according to the method described elsewhere (28) and the following primary antibodies, dilutions, and incubation times were used: mouse-antimicrotubule-associated protein-2 (MAP-2, 1:2,000, M4403, 1 h at room temperature; Sigma-Aldrich, St Louis, MO), mouse-anti-MBP (1:10,000, Smi-94, overnight at 4 °C; Covance, Princeton, NJ), mouse-anti-NF (1:2,000, Smi-312, overnight at 4 °C; Covance), and rabbit-anti-Olig-2 (1:1,000, AB9610, overnight at 4 °C; Millipore, Billerica, MA). Nonspecific labeling was investigated by omitting the primary antibody. Brain injury in different regions (striatum, hippocampus, thalamus, and cerebral cortex) was estimated on MAP-2-stained sections using a semiquantitative neuropathological score system (28) and using the Olympus Micro Image analysis software system, version 4.0 (Olympus Optical, Tokyo, Japan). Subcortical white matter injury was analyzed by quantitative measurements of immunohistochemical-positive staining for MBP and NF using Micro Image, version 4.0 (Micro-Macro, Gothenburg, Sweden). The proportion of immunoreactivity in the ipsilateral hemisphere was calculated as percentage of the staining in the contralateral hemisphere. Oligodendrocyte expression was assessed by Olig-2, a marker of oligodendrocytes throughout their lineage. Images from brain sections stained with anti-Olig-2 were captured by a Leica DM 6000B camera and analyzed using Stereoinvestigator 7 (MicroBrightField System, Williston, VT). All cells within a preoutlined area, the same for all sections, in the subcortical white matter were counted, both in the ipsilateral hemisphere as well as in the contralateral hemisphere. The number of positive cells was expressed as cells/µm 2 and
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